Fatty acid methyl ester (FAME) profiles of the non-decolorized and subsequently decolorized 4 biodiesel fuels were nearly identical, yet the fuel properties were remarkably different. 5
temperature program and column to analyze components such as C18:4 for which no authentic 1 standards are available with the results applied to GC quantitation. 2 Fuel Properties. Cetane numbers were determined as derived cetane number (DCN) using an 3 Ignition Quality Tester TM (IQT TM ) as described in ASTM D6890 at Southwest Research 4 Institute, San Antonio, TX [28] . CP was determined with a Phase Technology (Richmond, BC, 5 Canada) cloud, pour and freeze point analyzer. Kinematic viscosity was determined according to 6 the procedure described in the standard ASTM D445, oxidative stability according to EN 14112 7 using a so-called Rancimat instrument, and lubricity with a high-frequency reciprocating rig 8 (HFRR) lubricity tester according to ASTM D6079. Density was measured with an Anton Paar 9 (Anton Paar USA, Richmond, VA) DMA 4500 density meter. Free and total glycerol as well as 10 monoglyceride content were determined according to the gas chromatographic procedure 11 described in the standard ASTM D6584. 12
Results and Discussion 13 14 Table 1 contains information on the fatty acid methyl ester composition of the decolorized 15 biodiesel. Table 2 lists the fuel properties of this material. 16
Production of a purified non-decolorized Isochrysis biodiesel. Results for the extraction and 17 subsequent separation of FFAs and neutral lipids from dry Isochrysis biomass, followed by 18 esterification of the FFAs to biodiesel were consistent with those previously reported [19] [20] [21] . 19 The hexane algal oil obtained was a glossy, dark green/near-black grease-like material (typically 20 20% w/w of the dry biomass). Saponification of hexane algal oil with KOH in methanol then 21 allowed for separation of the saponified FFAs from alkenones and other non-polar compounds 22 with yields consistently quantitative (60% FFAs + 40% neutral lipids). Acid-catalyzed 23 esterification of the FFAs produced a dark green colored biodiesel ("non-decolorized biodiesel") 1 that has previously undergone extensive analysis (see "Non-D", Table 2 ) [20] . 2 Decolorization of the biodiesel using montmorillonite K 10. Based on the work of Dalai 3
[26], stirring our green biodiesel over 20% (w/w) MK10 for 1 h at 60 ºC proved highly effective 4 in removing pigments, visualized by the color change of the biodiesel and the MK10 itself going 5 from a white powder to black (Figure 2 ). After decolorization, a small amount (<10% w/w) of 6 "grainy material" previously described became evident [21] . Upon storage these compounds 7 settled to the bottom of the vessel and could be easily removed by decanting or, if necessary, 8 centrifugation. Mass recoveries of particulate-free biodiesel after decolorization were generally 9 85-95% (w/w). 10 FAME analysis of decolorized Isochrysis biodiesel. The FAME profiles of the non-11 decolorized biodiesel and subsequently decolorized biodiesel were nearly identical as an 12 indication of a successful decolorization process (Table 1 is absent from otherwise fairly extensive testing of biodiesel from the microalga Schizochytrium 9 limacinum [32] . While these authors do not state the reason for this omission, the overall 10 unavailability of this data may be due to the same difficulties we encountered with our initial 11
Isochrysis-derived product being too dark in color to measure a CP. Isochrysis biodiesel, we found that stirring over 20% (w/w) MK10 at 60 ºC for 1 hr resulted in a 20 dramatic reduction in pigment content by visual inspection (ref. Figure 2) . Moreover, absorbance 21 peaks corresponding to chlorophylls and pheophytins were no longer observed in the nowstructures within these compounds interacting strongly with the acidic MK10 clay that accounts 1 for the selectivity of this process [36] , giving on average 90% mass recoveries for now 2 decolorized biodiesel. 3
The measured CP values for our decolorized biodiesel samples were as expected low, however 4 the values obtained (-6.0 and -6.0, duplicate analysis for D-Iso-1; -5.8 and -5.6 ºC duplicate 5 analysis for D-Iso-2) were lower than what would be predicted based on the FAME profile [37] . 6 The pour points (PP) were also exceptionally low (-8.6 and -8.4, duplicate analysis for D-Iso-1; -7 6.0 and -6.0 ºC, duplicate analysis for D-Iso-2) given the fairly large amounts of saturated 8
FAMEs (e.g. ~15% C16:0) in the material. For comparison, soybean biodiesel (SME) contains 9 roughly 10% methyl palmitate (C16:0) and has CP and PP values of 1 ºC and 0 ºC respectively 10
[38]. SME, however, also contains approximately 5% of even higher melting methyl stearate 11 (C18:0) of which there are only traces in Isochrysis. CP is sensitive to minor amounts of higher 12 melting components [19, 39] so that the different methyl stearate contents may at least partially 13 explain the large disparity in CP between SME and our decolorized Isochrysis biodiesel. Efforts 14 are ongoing to better understand the cold-flow properties of our Isochrysis biodiesel toward 15 further refined predictive CP models. 16 Attempts to check the accuracy of this result failed, however, as the samples consistently 9 plugged viscometer tubes due to the presence of some insoluble material. Our final decolorized 10 biodiesel product was free of these particulates and the kinematic viscosity measured (3.38 and 11 3.76 mm 2 /s) was similar to the predicted value (3.2 mm 2 /s). The measured kinematic viscosities 12 are on the low end of the range prescribed ASTM D6751 standards and close to the minimum 13 specified in EN 14214. However the technical justification for the higher minimum viscosity 14 specification of 3.5 mm 2 /s in EN 14214 is not clear as conventional petrodiesel fuels generally 15 exhibit viscosity values below 3.5 mm 2 /s. 16
Cetane number (CN
Oxidative Stability. All non-decolorized and decolorized Isochrysis biodiesel fuels exhibited 17 poor oxidative stability, well below the ASTM minimum specification. This is due to the high 18 PuFAME contents of these fuels (approximately 40%, ref. Table 1 and are now more in line with measured lubricities for biodiesel from other feedstocks (e.g. soy-13 derived biodiesel around 130 μm) [43] . 14 Fuel density relates to fuel performance (e.g. within the injection system). Differences in 15 density between biodiesel and petrodiesel creates some concern about potential mismatching of 16 engine parameters when using this type of fuel in engines optimized for petrodiesel [44] . For 17 this reason, the European standard EN-590 establishes a density range for diesel fuels of 820 -18 845 kg/m 3 at 15 ºC. Biodiesel tends to have a higher density than petrodiesel [45] , and accurate 19 density data are needed to calculate appropriate blend ratios that will meet this specification. 20
The availability of experimental density data for algal biodiesel fuels is limited [16, 46,47], but 21 can be predicted from FAME profiles using linear mixing rules and the known densities of neat 22
FAMEs [17] . The measured density for our non-decolorized Isochrysis biodiesel at 15 °C was 23 934.92 kg/m 3 , higher than the maximum (900 kg/m 3 ) prescribed in EN 14214 [24] . Post-1 decolorization, the densities measured were 895.5 and 898.5 kg/m 3 for D-Iso-1 and D-Iso-2 2 respectively, which now just fall within the EN 14214 range (max. = 900 kg/m 3 ). Because the 3 FAME profiles and contents of the non-decolorized and decolorized biodiesel fuels were very 4 similar (ref . Table 1 ), the data suggests that the presence of pigments results in a higher density. 5
However, the extent of their impact has yet to be rigorously investigated and it remains to be 6 determined if such low levels of these compounds (max. = 5% w/w) could account for the 7 observed differences of our decolorized and non-decolorized biodiesel fuels. 8
Glycerol and FFA and moisture Content. Our processing consistently produces a biodiesel 9 that meets the free and total glycerol amounts as well as moisture content (345 ppm for D-Iso-1) 10 according to ASTM D6751 and EN-14214. The acid values, however, exceeded the limitations 11 according to these specifications. Problems associated with acidity for diesel fuels center on the 12 possibility of corrosion and potential formation of engine deposits. For biodiesel, the acid value 13 indicates FFA content [48] . Because our processing involves first converting all acylglycerols to 14
FFAs for the purpose of separating alkenones and other neutral lipids, the acid value essentially 15 represents the percent yield for our esterification step, or 98.6% (Acid Value = 3.029 = 1.383% 16 FFAs) and 97.7% (Acid Value = 5.139 = 2.347% FFAs) for D-Iso-1 and D-Iso-2, respectively. 17
The ASTM D6751 and EN-14214 acid value limit of 0.50 corresponds to an exceedingly low FA 18 content of approximately 0.25%, meaning we would need to achieve an esterification yield of 19 99.75% or reduce the acid value of the final product by other means [49] . Future work will 20 therefore include an optimization of this parameter toward the production of a commercially 21 viable Isochrysis biodiesel. 22
Conclusion 1
Pigments such as chlorophylls and other derivatives can be efficiently removed from 2 Isochrysis biodiesel using montmorillonite K10 clay. The process was performed on sufficient 3 scale to allow for comprehensive fuel testing of the resulting decolorized biodiesel. This was 4 made possible in part due to the commercial availability of Isochrysis in multi-kilogram 5 quantities from several suppliers. Results from the fuel tests provided important experimental 6 data that can be used to validate and refine often used predictive models for algal biodiesel fuel 7
properties. For instance, oxidative stability remains an issue for our Isochrysis (and presumably 8 other algal) biodiesel, and appears highly sensitive to even minor amounts of PUFAMEs. 9
Through the decolorization process we were now able to obtain a CP, with the measured CP for 10 our decolorized biodiesel lower than what would be predicted based on the FAME profile. A 11 comparison of the fuel testing results for our decolorized sample to that previously obtained for a 12 non-decolorized Isochrysis biodiesel also revealed certain impacts of pigments on fuel 13
properties. Specifically, pigment removal resulted in a 24% increase in CN (from 36.5 to 45.4 14 (avg.)), 40% increase in kinematic viscosity (from 2.5 to 3.5 mm 2 /s), a 50% decrease in lubricity 15
(from 260 to 131 μm), and 4% decrease in density (from 935 to 897 kg/m 3 ). There remains, 16
however, approximately 5% unaccounted for material in the samples tested making any absolute 17 claims about the role of pigments on fuel properties difficult. Work is therefore ongoing to fully 18 characterize these mixtures, along with continued studies toward the production of an ASTM-19 
